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Bovine
QTLBovine Johne's disease (JD), caused by Mycobacterium avium spp. paratuberculosis (MAP), causes signiﬁcant
losses to the dairy and beef cattle industries. Effective vaccination or therapeutic strategies against this
disease are currently unavailable and infected animals either get culled or die due to clinical disease. An
alternative strategy to manage the disease is to selectively breed animals with enhanced resistance to MAP
infection. Therefore, the objective of this study was to identify genetic loci putatively associated with MAP
infection in a resource population consisting of Holstein cattle using a genome-wide association approach.
The BovineSNP50 BeadChip, containing 54,001 single nucleotide polymorphisms (SNPs), was used to
genotype 232 animals with known MAP infection status. Since, traditional case-control analytical techniques
are based on single-marker analysis and do not account for the existence of linkage disequilibrium (LD)
between markers, we used a novel principal component regression approach, where each SNP was ﬁt in a
logistic regression model, along with principal components of other SNPs on the same chromosome showing
association with the trait, as covariates. Such an approach allowed us to account for the LD that exists
between multiple markers showing an association on the same chromosome. Our analysis revealed the
presence of at least 12 genomic regions on BTA1, 5, 6, 7, 10, 11 and 14 that were associated with the MAP
infection status of our resource population. A brief description of these genomic regions, and a discussion of
the analysis used in this study, have been presented.nimal and Poultry Science, 50
lph, Ontario, Canada N1G 2W1.
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Mycobacterium avium spp. paratuberculosis (MAP) causes Johne's
disease (JD), also known as paratuberculosis, in ruminants and some
wild-type species. MAP is an intracellular, slow-growing, Gram-
positive, acid-fast bacterium that causes granulomatous inﬂammation
of the small intestines. There are two principal subtypes of MAP: type
‘C’ that primarily infects cattle, and type ‘S’ that primarily infects
sheep [1–4]. However, both subtypes can infect multiple species. MAP
can also be isolated from some human subjects suffering from a
similar chronic intestinal inﬂammatory disease (IBD) known as
Crohn's disease (CD) [5]. This has prompted numerous investigations
into the potential relationship between MAP infection and CD [6]. The
precise role of MAP in the pathogenesis of CD is controversial, and
there are both supporting [7,8], as well as opposing arguments [9–11].Bovine JD is contagious in nature and spreads mostly through the
ingestion of milk, colostrum or feces contaminated with MAP [12].
Vertical transmission in utero of the disease has also been reported
[12,13], and although mycobacteria are able to persist in the
reproductive organs of bulls, and in fresh [14] and cryopreserved
semen used for artiﬁcial insemination [15], there is currently no
evidence to support transmission from sire to calves. Calves are
considered most susceptible to the disease, likely due to their low
level of immunocompetence [16]. The disease has a prolonged
incubation period (between 2 to 10 years) that depends on individual
resistance to infection and the level of exposure to MAP [17,18].
During this incubation period, the infected animals remain asymp-
tomatic, but perform poorly and actively shed MAP, exposing herd
mates and thereby increasing their risk of infection [19–21].
Progressive weight loss and diarrhea are the main clinical signs,
apparent only in the advanced stages of disease that follow the
prolonged incubation period [22].
Bovine JD is spread worldwide and prevalence estimates range
from 7% in Austria to 60% in New Zealand [19]. In the USA, Animal and
Plant Health Inspection Service (APHIS) has reported MAP to be
present in 68.1% of dairy operations (http://nahms.aphis.usda.gov/
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commercially available diagnostic tests are either expensive, and/or
low in sensitivity. Common diagnostic tests are milk and serum
enzyme-linked immunosorbent assays (ELISA), direct fecal polymer-
ase chain reactions (PCR), and fecal culture [23–25]. The disease has a
profound economic impact and annual losses are in excess of US $200
million in the US dairy industry alone [26]. These losses are attributed
to reduced production and reproductive efﬁciency, increased treat-
ment and management costs and premature culling or death from
clinical disease [20,26,27].
There is no available cure for this disease to date, and although
commercial vaccines targeting MAP are available; they only delay the
onset of clinical signs instead of eliminating infection [28]. A widely
accepted alternative strategy is to tailor livestock breeding strategies
toward improving host genetics [29]. Individual susceptibility to MAP
infection in cattle is heritable and estimates of heritability range from
0.06 to 0.183 [22,30,31]. This indicates the presence of genetic
determinants of susceptibility to MAP infection in cattle populations.
If identiﬁed, such genetic determinants could be used to select cattle
for increased resistance to MAP infection. An understanding of such
genetic determinants could also provide important insight into the
potential relationship between CD and MAP infection in human
subjects and target genes for drug therapy.
Few studies have attempted to identify genetic loci and variants
conferring susceptibility/resistance to MAP infection in cattle. Studies
based on a candidate gene approach have investigated associations
between microsatellites and single nucleotide polymorphisms (SNPs)
within or close to Toll like receptor 1 (TLR1),TLR2, TLR4 [32,33],
interferon-gamma (IFNG), solute carrier family 11, member 1
(SLC11A1) [33,34], Interleukin 4 (IL4), IL10, IL12A, IL12B, IL18, tumor
necrosis factor alpha (TNF) [34] and caspase recruitment domain
family, member 15 (CARD15) [35]. These studies reveal varying
degrees of association between MAP infection in cattle and TLR2,
TLR4, SLC11A1 and IFNG, but these results have neither been replicated
nor veriﬁed. There are also two published studies based on a whole
genome association (WGA) analysis approach [36,37]. These studies
used microsatellites and SNPs distributed throughout the genome to
map quantitative trait loci (QTL) associated with the disease
phenotype with limited success.
Bovine JD is a complex disease and is likely governed by a large
number of genes, each having a small effect on the disease phenotype.
This limits the application of WGA to identify genetic determinants
and the focus is generally on identifying putative QTLs that harbor
novel genes of interest for further statistical or biological investiga-
tion. Even then, there are two major challenges associated with the
application of WGA in the study of complex diseases. First, WGA
studies assume the existence of linkage disequilibrium (LD) between
the marker loci that are genotyped and QTLs in the vicinity of these
loci [38,39]. However, multiple markers that are genotyped within a
genomic region may also be in strong LD. This causes multiple
markers to show an association with the disease phenotype and it is
difﬁcult to discern between markers associated with QTLs that have a
likely causal relationship with the disease phenotype, and markers
that are in LD with other markers showing association [40]. The
second challenge is that the population substructure within the
diseased and healthy cohorts may result in spurious associations
between genotyped markers and disease traits [41].
Linkage disequilibrium between genotyped markers could poten-
tially be accounted for using a multiple regression approach and
simultaneously ﬁtting markers as covariates in a regression model.
However, this approach fails if a large number of correlated markers
are ﬁtted in themodel, as would be expected on a genome-wide scale.
Under such circumstances, regression coefﬁcients of SNPs that are
calculated, while controlling for many other correlated SNPs, tend to
be unreliable; a problem generally known asmulticollinearity [42]. An
alternative approach capable of overcoming multicollinearity, whilestill being able to account for LD between genotyped markers, has
been recently described [43]. This approach makes use of a principal
component regression (PCReg), ﬁrst computing principal components
(PCs) from the SNP genotype covariance matrix, and then ﬁtting PCs
as regressors in a multiple regression model. This allows the model
covariates to remain orthogonal, thus overcoming multicollinearity,
while still capturing the majority of the variation in the SNP
genotypes. While this approach has been described in multilocus
genetic studies of quantitative traits, we have not yet seen its
implementation in the study of binomial disease phenotypes. Thus,
the objective of our study was to use a PCReg approach to map QTLs
conferring resistance/susceptibility to MAP infection in dairy cattle.
We use a two stage logistic regression approach to analyze our data. In
the ﬁrst step, individual SNPs were tested for association with the
disease phenotype using logistic regression. In the second step, all
SNPs showing association at pb0.05 were analyzed on a chromo-
some-wise basis, using a combination of PCReg and multiple logistic
regression to account for LD betweenmarkers showing association on
a single chromosome. Hence, in this study, we describe the use of a
principal component logistic regression approach to identify putative
QTLs for MAP resistance in a population of Canadian dairy Holstein
cattle. We have also discussed some biologically relevant genes in
close proximity to the identiﬁed QTLs.
Results
In the ﬁrst step of the analysis, a total of 34,759 SNPs were
individually tested for association with the binomial disease trait
using a logistic regression model. We found 2679 SNPs, including
59 SNPs on unassigned contigs, to be associated with the disease trait
at pb0.05. The 59 SNPs belonging to unassigned contigs were not
carried into the second step of the analysis. The remaining 2620 SNPs
were analyzed chromosome-wise in the second step using a PC
multiple logistic regression model. A total of 550 SNPs were found to
retain signiﬁcance at pb0.05 after the second step. The genome-wide
threshold for multiple testing (p=1.96E-05) was computed based
only on the 2620 SNPs that were analyzed in the second step. Twenty-
two SNPs on 7 different chromosomes were signiﬁcantly associated
with the disease trait using this genome-wide threshold. Among these
SNPs, therewere four pairs of SNPs thatwere in complete linkagewith
each other. These completely linked SNP pairs were situated on BTA5
(ss61491182, ss86274666), BTA6 (ss86341209, ss86284128), BTA7
(ss61558503, rs43505295) and BTA10 (ss61553578, ss86341021).
We assumed SNPs having overlapping chromosomal regions within
1 Mbp of their map positions to represent a single QTL. Based on this
assumption, these 22 SNPs were grouped to represent 12 QTLs. A brief
description of these SNPs, including their accession numbers,
chromosomal positions, major and minor alleles, minor allele
frequency, odds ratio for the minor allele, p-values obtained after
the second step of analysis, along with symbols of genes located
within one mega basepairs (Mbp) of the QTLs is described in Table 1.
Discussion
Our analysis revealed the presence of at least 12 putative QTLs for
MAP resistance in the resource Holstein population and several
interesting genes were identiﬁed within, or close to these QTLs. The
most interesting genomic region associated with MAP resistance in
our study was found on BTA7; it contained four SNPs (ss61491930,
ss61558503, rs43505295 and ss86310793) associated with the
disease phenotype after applying a genome-wide correction for
multiple testing. More than 90 genes exist either inside this region
or within 1 Mbps of the immediate surrounding genomic region. The
most relevant genes among these are IRF1 (interferon regulatory
factor 1), IL4, IL5, IL13, SLC39A3 (solute carrier family 39, member 3),
TNFAIP8L1 (tumor necrosis factor, alpha-induced protein 8-like 1) and
Table 1
A description of the SNPs within different genomic regions association with MAP resistance/susceptibility.
Accession No. Bta Position (bp) Maj./Min. all. Min. all. freq. Odds ratio (Min. all.) p-value Gene symbols (within 1 Mbp)
ss61563380 1 40,758,982 G/T 0.22 7.71 1.9E−06 TUBA3D
ss61491182 5 14,416,892 A/T 0.26 0.05 6.6E−06 CCDC59, TMTC2
ss86274666 5 14,500,783 C/T 0.27 0.04 1.1E−05
rs42852055 5 37,186,379 C/T 0.42 6.47 4.7E−06 FAM113B, AMIGO2, SLC38A4,
SLC38A2, SLC38A1, SFRS2IP, ARID2
ss61555725 5 41,512,973 C/T 0.25 0.03 3.8E−06 PRICKLE1, PPHLN1, ZCRB1, YAF2, GXYLT1
rs29023629 5 87,137,388 G/T 0.25 7.45 5.6E−07 TMTC1, OVCH1, ERGIC2, FAR2, TM7SF3,
CCDC91, PTHLH, KLHDC5, MRPS35, FGFR10P2,
PPFIBP1, ARNTL2, STK38L, MED21, ITPR2
ss61498341 5 88,577,519 A/G 0.41 8.87 2.2E−07
ss61477621 5 88,838,035 T/G 0.36 11.85 1.7E−07
ss86341209 6 108,202,550 T/C 0.38 0.04 4.1E−06 CRMP1, EVC, EVC2, STX18, STK32B,
MSX1, CYTL1ss86284128 6 108,228,418 C/T 0.38 0.04 4.1E−06
ss61491930 7 17,929,919 G/A 0.22 15.40 5.5E−06 IRF1, IL5, IL13, IL4
ss61558503 7 17,957,376 T/C 0.33 0.20 4.0E−08
rs43505295 7 17,983,797 T/G 0.33 0.20 4.0E−08
ss86310793 7 19,746,463 T/C 0.34 0.19 6.7E−08
rs42445244 7 83,397,046 T/G 0.27 5.27 1.0E−05 SSBP2, ATG10, XRCC4
rs42556851 10 51,097,099 T/C 0.41 5.24 2.6E−07 NARG2, ANXA2, FOXB1, ADAM10, GRINL1A,
BNIP2, GTF2A2, LIPC, TCF12, MYO1E, CCNB2,
RNF111, AQP9
ss61553578 10 52,944,489 C/T 0.32 4.79 4.3E−07
ss86341021 10 52,966,013 G/A 0.32 4.79 4.3E−07
ss86315269 10 60,612,527 G/A 0.19 11.94 4.9E−08 GLDN, SCG3, LYSMD2, TMOD2, TMOD3, LEO1,
GNB5, MYO5C, AP4E1, TRPM7, USP50, USP8,
GABPB2, HDC, SLC27A2
ss86328445 11 30,601,961 T/C 0.43 0.08 1.7E−08 PRKCE, EPAS1, ATP6V1E2, PIGF, CRIPT, SOCS5,
MCFD2, TTC7A, EPCAM, MSH2, KCNK12,
MSH6, FBXO11
ss61521480 14 53,982,484 A/G 0.36 0.12 7.8E−09 ANGPT1, RABL4, RSPO2, EIF3E, TTC35,
TMEM74, TRHRrs42413954 14 54,033,703 A/C 0.41 0.16 6.8E−08
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molecule).
IRF1 is an important transcription factor involved in the Type 1
(Th1) cell-mediated immune response and is known to regulate the
expression of many genes playing a role in the pathogenesis of human
IBD such as IL6, IL12B, inducible nitric oxide synthase (NOS2) and
major histocompatibility complex class II molecules [44–46]. Cell-
mediated immunity is an important host defense mechanism against
intracellular pathogens including MAP [47].
Interleukin-4, IL5 and IL13 are all type 2 cytokines that promote
the Th2 antibody-mediated immune response. Antibody-mediated
immunity is relatively ineffective against intracellular pathogens, and
a shift from a Th1 to a Th2 immune response can render the host
incapable of combating MAP infection [48]. The clinical phase of both
bovine JD and CD in humans is characterized by a gradual shift in the
immune responses from cell-mediated immune response to antibody-
mediated immune response [49–52]. Therefore, these Th2 cytokines
might play an important role in the pathogenesis of the disease.
TNFAIP8 is a cytosolic, antiapoptotic protein that can be induced by
nuclear factor kappa beta (NF-κβ) as well as tumor necrosis factor
alpha [53,54]. Both NF-κβ and TNF are critical for mediating
inﬂammatory and immune responses against MAP [55,56]. TICAM1
is a toll-like receptor adaptor molecule that can induce type-I
interferons [57] that play a role in the immune responses directed
against Mycobacterial spp. [58].
We also found SLC27A2, SLC38A1, SLC38A2, SLC38A4 and SLC39A3
members of the solute carrier (SLC) superfamily within QTLs on BTA5,
BTA7 and BTA10 that are associated with the disease phenotype. The
SLC superfamily is a diverse group of more than 300 membrane
transport proteins, many of which are also expressed in the intestines,
where they play an important role in the uptake of macronutrients
[59]. Candidate gene association studies have previously reported
SLC11A1 to be associated with MAP infection in cattle [33,34]. Other
members such as SLC22A5, SLC22A23 and SLC26A3 have also been
implicated in CD [60]. None of the SLC members found within QTL
regions in our study have been previously associated with bovine JD
or CD in humans. In the case of cattle, this could very well be due to
relatively few studies that have been published. Although little isknown about the speciﬁc role that SLC family members could play in
the pathogenesis associated with MAP infection in cattle or humans,
the fact that many members of this family are involved in
macronutrient uptake, and are expressed in the small intestines,
which also serves as the portal of entry for MAP, makes them
interesting candidate genes for future investigation.
Other important genes that exist either inside a putative QTL
region or within 1 Mbps of the immediate surrounding genomic
region are: annexin A2 (ANXA2), suppressor of cytokine signaling 5
(SOCS5), cytokine like-1 (CYTL1), and autophagy-related 10 homolog
(ATG10). The protein encoded by ANXA2 has multiple functions [61]
that includemediating a plasmin-induced pro-inﬂammatory response
in human peripheral blood monocytes [62] and mediating the growth
factor effects of progastrin and gastrin peptides in intestinal epithelial
cells [63]. SOCS5 encodes amember of the SOCS family of proteins that
are induced by cytokines and act in a negative feedback loop to
regulate cytokine signaling and inﬂammation [64]. SOCS5 in partic-
ular, is expressed in lymphoid organs and is involved in regulating IL-
4 signaling [65]. CYTL1 encodes a protein that appears to be a novel
cytokine based on its structural similarities with different cytokines
[66–69]. ATG10 encodes an enzyme that catalyzes the conjugation of
ATG15-ATG5; a complex that is essential for autophagy [70], a process
by which cells digest and recycle self-organelles. This is an important
host defense mechanism and many autophagy-related genes play a
role in the innate immune response against different pathogens [71].
Variants in three different autophagy-related genes have been
implicated to play a role in the pathogenesis of CD [72].
The chromosomal region found to be associated with MAP
resistance on BTA1 only contained the tubulin alpha 3d (TUBA3D)
gene. TUBA3D encodes a member of the tubulin family of globular
proteins that are involved in microtubule formation. The precise role
that microtubules may play in pathogenesis of MAP infection is
unclear. However, disruption of microtubules does have an effect on
neutrophil motility [73].
Some QTL regions described in this study are located near
previously described QTL regions for disease resistance traits in cattle.
Putative QTLs for general disease resistance on BTA11 [74]; for clinical
mastitis on BTA5, BTA11 and BTA14 [74–76]; for somatic cell count on
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BTA6, and BTA14 [78,79] are situated in the vicinity of some of the
putative QTL regions described in this study. This indicates that some
of these putative QTLs could also inﬂuence other important disease
traits in cattle populations.
The application of WGA analysis to identify QTLs for complex
disease traits presents many difﬁculties pertaining to the sample size,
selection of animals in the healthy and diseased cohorts, choice of
markers for genotyping, and the type of model used to analyze the
data. Speciﬁcally, in the case of mapping QTLs for MAP resistance in
dairy cattle, the basis of classifying animals into diseased and healthy
cohorts is a major concern. Available diagnostic tests are speciﬁc but
lack desired sensitivity. This means that while positive results are
indicative of MAP infection, negative results do not necessarily
indicate that the animals are free of infection. This is especially true
for younger infected animals that do not manifest any noticeable
symptoms during the sub-clinical stages of infection. Some of these
animals could potentially escape detection by the common ELISA
diagnostic kits, and could thus be misclassiﬁed as being healthy (false
negatives). To mitigate the inclusion of such false negatives, we
avoided the inclusion of younger animals (b5.8 years) in our healthy
cohort (mean age=7.3 years). In addition, more than two-thirds of
the healthy cohort had tested negative for MAP infection in previous
years. Another potential concern regarding the healthy cohort is that
healthy animals do not necessarily reﬂect enhanced genetic resistance
to MAP. Animals coming from farms or herds with no prevalence of
MAP will also test negative for MAP infection. In such cases, it is the
absence of exposure to MAP, rather than enhanced genetic resistance
of the animals, that translates into a negative test result. Therefore, in
our study, animals that were classiﬁed as being healthy were only
picked from farms with a high prevalence of MAP infection in the
herd, ensuring the exposure of healthy animals.
Two previously published studies have attempted to map QTLs for
MAP resistance in cattle usingmicrosatellite and SNPmarkers [36,37]. It
is known that multiallelic markers like microsatellites are more
informative than bi-allelic markers like SNPs. We used SNPs in our
study as they are relatively abundant in the genome and because an
automated, high-throughput and cost-effective genotyping technology
is available. The Illumina BovineSNP50 BeadChip used in this study
contained 54,001 SNPs. It has been estimated that 10,000 SNPs are
sufﬁcient to ﬁnd associations within cattle breeds [39]. Since our study
focused on a single breed (Holsteins), the number of markers on the
Illumina BovineSNP50 BeadChip provided sufﬁcient power to our study.
Strict quality control (QC) measures were implemented prior to
data analyses. All SNPs with a minor allele frequency (MAF) less than
10%, and all SNPs and individual animals with a genotype call rate of
less than 95% were removed from the dataset prior to analysis.
However, none of the animals were removed due to QC, as all animals
had a genotype call rate of N95%. It is important to exclude SNPs with
low MAF, especially in studies with a limited sample size in order to
control type-I error. Insufﬁcient observations to compute the
estimates for rare alleles could potentially produce inﬂated estimates
and spurious associations. This seems to be evident in the study
published by Settles et al., who used the Illumina BovineSNP50
BeadChip tomap QTLs forMAP resistance in Holstein cattle, but used a
threshold of 1% for MAF during QC [37]. Consequently, 5 out of the
16 SNPs that were reported to be associated with MAP infection
status, have a MAF of 1% with unrealistically high odds ratios, and are
most likely spurious associations. A potential pitfall of using a high
threshold for the MAF, is the possibility of overlooking rare disease
alleles that might be in LD with the some of the markers that are
excluded from the analyses due to lowMAF [80]. However, within the
limitations of the available sample size of our study, it would not have
been possible for us to distinguish between rare alleles showing
spurious associations and rare disease alleles having a true association
with the disease phenotype.We performed statistical analysis using a two-step logistic
regression approach. In the ﬁrst step, SNPs were tested for association
with the disease phenotype, one at a time. In the second step, all SNPs
found to be associated at pb0.05 in the ﬁrst step, were re-analyzed,
ﬁtting PCs of SNPs that were also associated at pb0.05, and were on
the same chromosome, as covariates. Our choice of logistic regression
over other traditional case-control analytical techniques was based on
two main reasons. First, logistic regression allows for joint analysis of
multiple loci and second, it mitigates the effect of population
substructure without a signiﬁcant loss in power [81]. Accounting for
population substructure was necessary since the pedigree of the
resource population was unavailable due to client anonymity, and
hence population substructure could potentially confound the
analyses resulting in a higher type-I error rate.
Since we were limited by the number of animals in our resource
population (n=232), a preliminary step was required in our analyses
to remove the majority of SNPs that were not associated with the
disease trait. Computation of PCs of thousands of SNPs (34,759 in our
study), based on the genotypes of a few hundred animals (232 in our
study), results in PCs that individually explain very minute propor-
tions of the total genotypic variance. Since inclusion of such PCs in the
regression model leads to a perfect prediction the disease phenotype,
resulting in almost inﬁnite likelihoods and inaccurate estimates [82],
the ﬁrst step in our analyses was necessary to overcome this problem.
The second step of the analyses was similar to the PCReg approach
proposed by Wang and Abbot for quantitative traits [43]. Although
PCs are able to summarize the total variance of the original genotype
scores, and remain orthogonal, the PCReg approach only assesses the
association between the disease phenotype and all SNPs used to
compute the PCs, as a whole. Therefore, interpretations about the
importance of individual SNPs cannot be made, based on the
associations shown by PCs that are computed from them [83]. Joint
analysis of an individual SNP along with PCs computed from the
genotype covariance matrix of the rest of the SNPs on a chromosome,
allows the multiple regression model to account for correlation
between SNPs (which is mostly due to LD), without suffering from
severe multicollinearity. Also, by ﬁtting individual SNPs along with
the PCs derived from the rest of the SNPs on the same chromosome,
we avoided making any interpretation about the PCs and were able to
test the association between the disease phenotype and individual
SNPs while accounting for the association of the rest of the SNPs on
the same chromosome.
Conclusions
In conclusion, this GWA study, like the earlier two studies that
were published based on a GWA approach, is an early attempt to
reveal putative candidate genes that could play a role in conferring
resistance to MAP infection in cattle populations. The statistical
approach used in this study can accommodate for LD and thus, could
be extended to other case-control association studies where account-
ing for LD among genetic markers is a problem. Our objectives were
limited to identifying putative candidate genes that could be
investigated further in future candidate gene studies. Once the role
of such candidates is ﬁrmly established and characterized, variation
within these genes could be exploited in order to make cattle
populations more resistant to MAP infections for the beneﬁt of the
livestock industry.
Materials and methods
Resource population
Six commercial operations in Southwestern and Eastern Ontario
were selected for sample collection based on a previous history of
high prevalence of MAP infection. Blood was collected between the
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more than 400 cows based on age, breed, stage of lactation, infection
status, and history of MAP screening. Current infection status was
conﬁrmed in blood plasma using the commercially available Herd-
Chek M. pt. Antibody ELISA Test Kit (IDEXX Laboratories, Westbrook,
ME, USA) according to manufacturer's instructions. Infection-free
Holsteins that were older than 5.8 years of age were chosen for the
healthy (MAP negative) cohort (n=142). There were 107 animals,
within the healthy cohort, that had also tested negative for MAP
infection in previous years. The mean age of this cohort was 7.3 years
(range, 5.8 to 12.7 years). The infected (MAP positive) cohort (n=90)
consisted of those Holsteins considered to be infected according to
blood plasma MAP screening (n=34) and a second group considered
to be infected according to milk ELISA MAP screening (n=56). Milk
samples from these animals were generously provided by Canwest
DHI (Guelph, ON, CAN) between July 2006 and November 2007, and
due to client anonymity information such as age, pedigree, and
location was not available.
Genotyping and quality control
Genomic DNA was extracted from the blood buffy coat using the
DNeasy blood and tissue kit (Qiagen, Santa Clara, CA, USA), and from
milk according to themethods described inMurphy et al. [84]. Sample
DNA was quantiﬁed and subsequently genotyped using the Illumina
BovineSNP50 BeadChip. The Illumina BovineSNP50 BeadChip assay
contained 54,001 SNPs, of which, about 1672 SNPs were on
unassigned contigs. The mean spacing between SNPs is 51.5 kb
(median spacing of 37 kb;maximum spacing of 1.45Mb) based on the
BTAU 4.0 assembly (ftp://ftp.hgsc.bcm.tmc.edu/pub/data/Btaurus/).
Samples were genotyped at the University of Alberta using BEAD-
STUDIO (Illumina) software.
Quality control measures were applied to the genotype data by
excluding SNPs with low call rates and minor allele frequencies. In
total, 15,194 SNPs with a minor allele frequency (maf) b10%, 153
markers with a low call rate b95% and all SNPs on the allosomes
were excluded. Quality control measures to exclude individuals
with low call rates b95% were also applied but none of the
individuals was excluded. Genome-wide, 34,759 SNPs and 232
animals passed these quality control measures and were used for
statistical analysis.
Statistical analyses
A two stage logistic regression approach was used to analyze SNP
association with the binomial disease phenotype. In the ﬁrst step,
individual SNPs were tested for association with the phenotype using
the following model:
Log it Yið Þ = μ + βα + ei
where: Yi=binomial response phenotype of the ith animal; μ=o-
verall mean; β=regression coefﬁcient for the additive effect of the
SNP, ei=random error. The binomial response phenotype (dependent
variable) was coded based on the presence (coded as ‘1’) or absence
(coded as ‘0’) of MAP infection as deﬁned earlier. The coded
coefﬁcients for the additive (α) effect (independent variable) were
αi=−1 for a homozygote (MM)
0 for a heterozygote (Mm)
1 for the other homozygote (mm).
In the second step, all SNPs signiﬁcant at pb0.05 were selected and
analyzed chromosome-wise. Consider n SNPs signiﬁcant on chromo-
some ‘x’ at pb0.05 in the preliminary analysis. Let the SNP being
tested be denoted as SNPt, ‘gij’ be the genotype code for ith individual
at the jth SNP and ‘G’=(gij) be anm×n−1 matrix of genotypes of allSNPs except SNPt on chromosome ‘x’. PCs of the matrix ‘G’ were
computed by singular value decomposition of the matrix ‘G’. Let
λ1≥λ2≥…≥λk denote the eigenvalues (variances) of k PCs that
explain 90% of the total variance of the original ‘G’ matrix and ak
denote the eigenvector associated with the eigenvalue λk. Then, the
value of the kth PC term for the ith individual (Pik) was computed as
(gi1, gi2,…, gi(n-1))ak. A stepwise logistic regression approach was
implemented for further analyses, and initially all PC terms (P)
explaining 90% of the total variance in the ‘G’matrix, were included as
covariates along with the SNPt in the model. A backward model
selection based on Akaike's information criterion (AIC) was applied to
the PC terms in the full model. Thus, PC terms were dropped from the
model unless they improved the ﬁt of the model based on AIC. The
model selection procedure terminatedwhen no further PC termswere
dropped from the model and the odds ratio, conﬁdence intervals and
p-value for SNPt were obtained at this stage. The full model including
SNPt and all PC terms explaining 90% of the total variation of the
remaining SNPs on the same chromosome is as follows:
Log it Yið Þ = μ + βtαt +
Xk
j=1
βjPj + ei
where: Yi=binomial response phenotype of the ith animal;
μ=overall mean; βt=regression coefﬁcient for the additive effect
of the SNPt, βj=multiple regression coefﬁcients for the PC terms,
ei=random error. The binomial response phenotype (dependent
variable) was coded as in the preliminary analysis. The coded
coefﬁcients for the additive (αt) effect (independent variable) of
SNPt were as in the single SNP regression analysis. This procedure
was repeated for each SNP on each chromosome and p-values,
odds ratios and conﬁdence intervals were obtained for all SNPs.
Multiple testing correction was applied using Sidak correction [85]
after the second stage of the analysis, and was only based on the
number of markers included in the second stage of our analysis.
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